Using ab initio density functional calculations, we study the interfacial properties of the Fe3GeTe2 monolayer in contact with the Au, Cu, In, Cr, Ti and Ni metal substrates. It is found that Cr, Ti and Ni bind strongly with the Fe3GeTe2, in contrast to Au, Cu and In. By analyzing the density of states, charge redistribution and tunneling barrier, it is suggested that the commonly used Au, Cu, In and Cr electrodes are insufficient for the electron and spin injection. Ti and Ni metal substrates are proposed to have good electronic transparency to the Fe3GeTe2 monolayer. The Ni substrate is found to have a large spin injection to the Fe3GeTe2 monolayer in addition to its excellent electron injection. Our results indicate that Ni is a promising electrode for the Fe3GeTe2 monolayer to form current in plane device, thus shedding light on the optimal selection of metal electrodes for the development of next generation spintronic devices based on atomically thin nanomaterials.
Two-dimensional (2D) ferromagnetic (FM) materials have drawn much attention due to their exceptional electronic and spin properties and potential spintronic device applications. The 2D FM insulating Cr 2 Ge 2 Te 6 [1] and CrI 3 [2] have been experimentally obtained in the past few years. Spintronic devices based on 2D FM materials, such as tunneling magnetic junctions, have been demonstrated to exhibit outstanding performance. [3] [4] [5] However, the Curie temperature (T c ) for Cr 2 Ge 2 Te 6 and CrI 3 is only about 50 K, which is impractical for industrial applications. Recently, Fe 3 GeTe 2 has been reported to have a T c of about 200 K and its FM state can be further stabilized by gate-tuning or patterning up to room temperature. [6] [7] [8] More importantly, Fe 3 GeTe 2 is a rare 2D FM metallic material that allows the manipulation of both spin and charge degrees of freedom. These properties make Fe 3 GeTe 2 a promising candidate for 2D spintronic device applications. [9] In realizing high-performance 2D-materials-based devices, electrically contacting 2D materials with metal electrodes is not only inevitable but also crucially important for achieving a good device performance. 2D transition-metal dichalcogenides (TMDCs) exhibit excellent physical properties, such as a high on/off ratio and high carrier mobility, and are promising for nanoelectronic device applications. [10] [11] [12] However, their contact with metal electrodes unfavorably lead to a high tunneling barrier formation which severely limits the carrier injection into the 2D TMDC channel thus degrading the performance of the related nanoelectronic devices. [13] [14] [15] Similar situations also occur in the recently fabricated 2D phosphorene and InSe-based nanoelectronic devices in which careful selection of metal must be performed so to achieve the optimum device performance. [16] [17] [18] [19] Ab initio study based on the density functional theory (DFT) using the Vienna Ab initio Simulation Package (VASP) [20, 21] was carried out to investigate the electronic and magnetic properties of various metal contacts to a monolayer Fe 3 GeTe 2 . A kinetic energy cutoff of 500 eV for plane-wave expansion and a gammacentered Brillouin zone k-point sampling grid of 6 × 6 × 1 (12 × 12 × 1 for PDOS calculations) using the Monkhorst-Pack method [22] were used to ensure the accuracy. Atomic geometry optimization was terminated until all forces are smaller than 0.01 eV/Å. The generalized gradient approximation (GGA) with the PerdewBurke-Ernzerhof functional (PBE) [23] was used for the exchange-correlation functional in the calculations. To take into account the weak van der Waals interactions in the contact structures, we adopted the DFT-D3 (IVDW=12) method with the Grimme scheme [24, 25] in the calculations. All calculations are spin-polarized. The initial magnetic state was set as ferromagnetic state for Fe 3 GeTe 2 and Ni, anti-ferromagnetic state for Cr, and non-magnetic state for other metal substrates.
Our calculated lattice parameter of the monolayer Fe 3 GeTe 2 is a = 4.01Å, which is in good agreement with other calculated results. [26, 27] Based on this lattice parameter, as shown in Fig. 1 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. Cr(001) supercell were built to study the contact properties. The lattice mismatch between Fe 3 GeTe 2 and Au, Cu, In, Cr, Ti and Ni in these supercells are 4.87%, 2.63%, 3.95%, 1.77%, 2.66% and 5.05%, respectively. The metal substrates were modeled using a 6-layer slab model with the bottom four layers fixed to their bulk positions during the atomic geometry optimization. We also used a 20 A thick vacuum layer to eliminate the interactions from periodic slab images.
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The bonding nature of the Fe 3 GeTe 2 /metal interfaces has a significant influence on the electronic and spin injection performance of the contacts. It is suggested that the contacts of good electronic and spin transparency should have a short interfacial distance and strong binding to maximize effective wave function overlap. [13] This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI: 10.1063/1.5118304 [28] suggesting strong bonding between the interfaces. These distances are short enough to induce large wave function overlap for the optimum contact performance. The bonding strength can be characterized by the binding energy (E b ) of the Fe 3 GeTe 2 /metal contacts, which is defined as E b = (E F e3GeT e2 + E metal − E F e3GeT e2/metal )/n. Here, E F e3GeT e2/metal is the total energy of the Fe 3 GeTe 2 /metal contact, and E F e3GeT e2 and E metal are the total energies of the freestanding Fe 3 GeTe 2 and metal substrate, respectively. To compare the binding strength of different metal contacts, n is introduced as the number of contacting Te atoms in the supercell. As can be seen from Table I The spin-resolved partial density of states (PDOS) projected on the d orbital for the adjacent Fe and Te atoms in the Fe 3 GeTe 2 /metal interfaces, together with those in the freestanding Fe 3 GeTe 2 are shown in Fig. 2 . We see less density of states near the Fermi level (E F ) in the freestanding Fe 3 GeTe 2 . To form electric contacts with favorable charge injection properties, metal substrates should induce a substantial amount of PDOS at E F to improve the metallicity of the contacts. These PDOS are preferable to have delocalized characteristic with small effective electron mass for effective electron injection between the interface. [13] When combined with the Au, Cu and In metal substrates, the DOS near E F increases slightly and remains relatively localized. However, when Cr, Ti and Ni are used as metal substrates, significant enhancement of DOS around E F is observed, and more importantly, they are much more delocalized for effective electron injections.
These strong interactions can be visualized from the charge redistribution at the interfaces of the Fe 3 GeTe 2 /metal contacts as shown in Fig. 3 . The charge density difference (∆ρ) is defined as ∆ρ = ρ F e3GeT e2/metal − ρ F e3GeT e2 − ρ metal where ρ F e3GeT e2/metal , ρ F e3GeT e2 , and ρ metal are the charge densities of the Fe 3 GeTe 2 /metal contact, the isolated Fe 3 GeTe 2 monolayer, and the isolated metal substrate, respectively. Here, positive (negative) ∆ρ indicates charge accumulation (depletion). As can be seen from the figure, the charge redistribution in the interfaces of the Fe 3 GeTe 2 /Au, Fe 3 GeTe 2 /Cu and Fe 3 GeTe 2 /In contacts are less obvious. In contrast, a large number of net charge accumulation and depletion are found in the interfaces of the Fe 3 GeTe 2 /Cr, Fe 3 GeTe 2 /Ti and Fe 3 GeTe 2 /Ni contacts. This charge redistribution not only occurs in the interfaces but also happens inside the Fe 3 GeTe 2 monolayer. The changes of charge in the adjacent Fe atom of the Fe 3 GeTe 2 /metal contact are given in Table II . The Cr, Ti and Ni substrates induce a much larger change of charge (0.046, 0.024 and 0.088 e) compared to that (0.003, -0.005 and 0.016 e) caused by the Au, Cu and In substrates. These charge redistribution not only illuminate the strength of interaction and bonding of the interfaces but also suggest the formation of interfacial dipoles, both of which might lower the tunneling barrier of the Fe 3 GeTe 2 /metal contacts, thus facilitating the charge and spin injection from the metal substrates into the Fe 3 GeTe 2 monolayer.
We define the tunneling barrier ∆V as the difference between the highest planar average electrostatic potential at the contact interface and that of the metal surface, [16] with the values indicated in Fig. 3 . It is found that the tunneling barriers are all with positive values, i.e. 1.25, 0.65, 0.90 and 5.57 eV, for the Fe 3 GeTe 2 /Au, Fe 3 GeTe 2 /Cu, Fe 3 GeTe 2 /In, Fe 3 GeTe 2 /Cr contacts, respectively, which would impede an efficient injection of charge and spin across the contacts. In comparison, the tunneling barriers for the Fe 3 GeTe 2 /Ti and Fe 3 GeTe 2 /Ni contacts are negative (-0.18 and -0.57 eV), suggesting the formation of Ohmic contacts which greatly facilitates the efficient injection of charge and spin into the Fe 3 GeTe 2 monolayer without any tunneling barrier.
The contact of monolayer Fe 3 GeTe 2 to metal substrates leads to a decrease in the magnetic moment of the adjacent Fe atom in the Fe 3 GeTe 2 , as shown in TaThis is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
PLEASE CITE THIS ARTICLE AS DOI: 10.1063/1.5118304 electron states. Specially, a large amount of Fe d down states is below E F in the Fe 3 GeTe 2 /Ni contact, resulting in a drastic decrease in the magnetic moment.
In conclusion, we have investigated the interfacial properties of the Fe 3 GeTe 2 monolayer in contact with the Au, Cu, In, Cr, Ti and Ni metal substrates using ab initio density functional calculations. Compared with Au, Cu, and In, Cr, Ti and Ni are found to bind strongly with the Fe 3 GeTe 2 monolayer and have small interfacial distances. Our calculated density of states, charge redistribution and tunneling barrier at the Fe 3 GeTe 2 /metal interfaces suggest that the commonly used Au, Cu, In and Cr electrodes are insufficient for the electron and spin injection. In contrast, strongly bound Ti and Ni metal substrates are found to have good electronic transparency to the Fe 3 GeTe 2 monolayer. More importantly, the Ni substrate has a large spin injection to the Fe 3 GeTe 2 monolayer in addition to its excellent electron injection. Our results indicate that the Fe 3 GeTe 2 /Ni contact is a promising contact useful for the development of next generation current in plane 2D-material-based spintronic devices.
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